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Abstract 
The current situation of the manufacturing industry is characterized by permanent development in economics, politics and society. 
In order to react to those, companies have to be able to adapt the organization to these changes. Therefore a certain degree of 
changeability is inevitable. Today companies are seeking for the optimal degree of changeability. To determine it and to reduce the 
necessary changeability, its drivers have to be identified. The main internal factor are the products. Depending on future customer 
needs and requirements, different products and product designs force companies to change their production systems. Therefore 
instruments are required which enable companies to reduce the necessary changeability already in the creation process. 
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1. Introduction 
Companies all over the world are nowadays facing 
permanent and dynamic developments in economics, 
politics and society. As a consequence, an increase of 
differentiated demands concerning products and services 
can be recognised. Furthermore, the average product-
lifetime is decreasing while the variety of models is in-
creasing. Besides this, a fluctuation of customer de-
mands can be identified [1] as well as the trend towards 
faster substitution of technologies [2]. Resulting from 
this, companies have to cope inter alia with the follow-
ing challenges: 
x Adaptability of production systems to actual customer 
demands with as little effort as possible [4]  
x Integration of new products and technologies into 
existing production systems by simultaneously opti-
mal utilization of existing resources [1]  
x Handling of the increasing diversity of variants and 
complexity by providing suitable structures and pro-
cesses in general 
 
Companies need to react fast and foresighted to suc-
cessfully satisfy these demands and respond to these 
challenges [5]. Those abilities provide a key success 
criterion, especially with focus on upcoming develop-
ments [6]. 
Nowadays, the described challenges and expectations 
are supposed to be met by the supply of a certain flexi-
bility. Hereby, however, resources are bounded and the 
production still remains subject to restrictive boarders. A 
flexible production structure just enables the company to 
react to alternating market circumstances. Instead it 
should be the aim to implement a production system that 
responds proactive to an increasing pressure to change as 
a result of the dynamic environment. These changeable 
structures offer a competitive advantage for the compa-
ny, providing a unique selling proposition especially 
with regard to future developments. The transformation 
pressure resulting from market and society takes effect 
on the enterprise on different channels. NYHUIS defines 
these receptors as: product, time, quality, costs, number 
of units and system elements [4].  
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This paper particularly focusses on the aspect “prod-
uct”. The design of products can be seen as a lever to 
influence the necessary degree of changeability of the 
production system – production systems are understood 
as the overall system of production within a company. 
The aim of this paper is the identification and handling 
of these levers at an early stage to reduce the needed 
degree of changeability and to lower costs in production 
– and in consequence to increase the competitiveness. 
 
To explain a concept for the solution of the outlined 
challenges, the paper is organised as follows: Section 2 
gives a short introduction to the term of changeability. 
Section 3 explores the theoretical background for modu-
lar product architecture. The derived approach for the 
architecture of change-reducing products is described 
and set into the overall context in section 4. The last 
section concludes this paper. 
2. Flexibility vs. Changeability 
As briefly mentioned before, the termini flexibility 
and changeability are basically different. In order to cre-
ate a common understanding, the different definitions 
shall therefore be explained at first.  
2.1. Definition 
Changeability is in the following defined as the abil-
ity to adapt organization and technology to fast changing 
environmental conditions – not just within given re-
strictions and with low capital expenditures.  
Flexibility, on the other hand, could be defined as the 
“firm´s response to uncertainty, especially in the form of 
fluctuations in demand, but also market imperfection” 
[7,8]. Changes within flexible structures are defined by a 
pre-preserved set of measures and fixed corridors of 
actions [4]. That means that conditions, which have not 
been considered in the previous planning are not covered 
by flexible production systems. Furthermore flexibility 
is always connected with additional costs [9]. Changea-
ble systems, however, have no pre-defined limits and 
can therefore be tailored to different situations and re-
quirements [10]. The resulting adjustments are causing 
relatively low costs and allow the company a quick ad-
aptation to changing environmental circumstances.  
2.2. Identifying the optimal changeability 
As explained above, changeability offers a high po-
tential for manufacturing companies and is an important 
prerequisite for a continuing market success. However, 
the optimal degree of adaptability has to be determined 
first. As can be seen from figure 1, changeability shows 
a diminishing marginal utility, while at the same time an 
progressive increase of costs can be identified. The aim 
therefore should not be providing maximum changeabil-
ity but rather the identification and implementation of a 
company-specific optimal degree. 
 
Costs for
changeability
Cost/ Benefit of Changeability
Gross benefit of
changeability
Degree of changeability
Benefit
(net)
ChangeabilityStability  
Fig.1. Cost-benefit function of changeability [6] 
The turbulent environment, which leads to the need 
for versatile systems, is caused by the interaction of var-
ious change drivers. Change drivers can be understood 
as factors that create a pressure for change on all levels 
of the production system.  
As already mentioned, the focus of the approach pre-
sented in this paper is on the receptor “product”. This 
aspect has only superficially been dealt within the litera-
ture on changeability although the product is the essen-
tial change driver. This is particularly evident from the 
fact that companies regard the change in customer needs 
and market requirements as the major cause for change. 
These requirements include an increasing scope of ser-
vices and more complex products. Moreover, the grow-
ing individualization of customer requirements and de-
mands lead to a growing product portfolio and an in-
crease in the diversity of variants as well as a necessity 
to reduce the time to market [4].  
The product and its specifications also set up the 
starting point of the following production process and 
therefore hold a large lever with respect to the cost of 
changeability. A change on the product therefore has a 
greater impact than changes in manufacturing or assem-
bly as it occurs earlier in the product generation process. 
The arising pressure to change can be substantial and its 
control be an essential success factor. This raises the 
question of how products have to be structured to gener-
ate a certain degree of changeability or, conversely, to 
reduce/soften the induced pressure to change.  
The product induced need to change shows that – in 
analogy to determination of costs [11] – the degree of 
needed changeability of the production system is deter-
mined already in the early stages of the product design 
phase. 
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It therefore seems appropriate to focus on the devel-
opment phase and to provide change-enabling methods 
in order to facilitate the changeability of enterprises and 
production systems and to reduce the resulting pressure 
to change. Since the pressure is mainly caused by the 
increase in variance and the complexity involved, tools 
are needed that are able to counteract this trend. In this 
context, it is often referred to the concept of modulariza-
tion. 
Therefore, the next paragraph presents existing ap-
proaches and methods that deal with this issue. After-
wards a procedure will be offered that helps to limit the 
required product-intrinsic need to change to its optimum. 
That means it is the goal to determine the minimum of 
versatile solutions which is sufficient to respond at the 
best to company-specific turbulences [4]. 
3. Product Architecture & Structuring 
As already mentioned scientific literature about 
changeability in connection with the product design is 
rare. The aspect of product design architecture is in con-
trary adequately covered. The general approaches are 
therefore presented and critically discussed in the fol-
lowing chapter with regard to the paper’s research ques-
tion. Main motivation for product architecture in form of 
modular product platforms is to handle the increasing 
internal complexity and the rising number of external 
variants [12]. As a result, large external diversity can be 
achieved with small internal diversity. At this point, ex-
isting approaches are presented; the focus is on concepts 
involving the concept phase of product development. 
 
The Variant Mode and Effect Analysis (VMEA) [13] 
is a multiphase process that aims at the early prevention 
of variants. It supports developers and designers by the 
specific variation of parts and assemblies as well as the 
selection of low-cost design alternatives. The control of 
variants already starts in the concept phase and includes 
product planning, product development, production and 
sales. It takes place at a technical and economic level. 
Critical to the VMEA is their nonspecific nature. This is 
why companies can have problems with the transmission 
of the approach to their problem. 
The Modular Function Deployment (MFD) by ER-
ICSSON & ERIXON [14] describes an approach for the 
systematic development of modular product structures. 
The five-step approach of the MFD is above all charac-
terized by taking the product strategy into consideration 
while designing the product. This allows a systematic 
realization of potentials of modularization throughout 
the entire product life cycle [15]. Like the other ap-
proaches, the MFD does enable the engineer to easily 
respect the boundaries of the production in his daily 
work. 
The product structuring by RAPP [16] combines ex-
isting methods about product structure and newly devel-
oped methods. The approach is structured into different 
phases and aims for an optimal product structure with an 
optimal number of variants. This approach focuses on 
the inherent product design, but it does not take into 
consideration the influence of design on production.  
Theme of the modular product development accord-
ing to GOEPFERT [17] is to design modular product 
architectures. The five-step procedure called METUS is 
both an approach to the technical and organizational 
design of modular product structures and an correspond-
ing form of organization. Similar to RAPP also GOEP-
FERT does not consider dynamic environment changes. 
The Platform Differentiation Plan (PDP) [18] pur-
sues the goal to increase the degree of commonality for 
features with high costs for varieties. For features 
providing differentiation different characteristics should 
be provided. The focus of this approach is the creation of 
platforms, which is in terms of the described problem of 
this paper of rather secondary importance. 
Another approach is provided by WIEHNDAHL [19]. It 
supports the modular design and proposes a production 
stage concept. According to this, the basis for the pro-
duction are variant neutral precursor. WIEHNDAHL‘s 
approach involves the aspect of changeability but is very 
unspecific. Furthermore a transfer to the industry, which 
is under consideration in this paper, seems to be diffi-
cult.  
The presented approaches show that already struc-
tured and systematic methods were developed to support 
the creation of modular product architectures. Their aim 
is to reduce the amount of internal complexity as well as 
variants. The answer of the influence regarding the 
change-ability of the production system remains in all 
these left out. Therefore as part of this paper, a method 
should be developed that especially puts this particular 
problem in the focus. 
4. Change-focused Product Architecture 
Development Process 
Basis for the change-enabling design of products is 
the Product Architecture Development Process (PADP) 
[20]. It aims in particular to the creation of commonali-
ties. The benefits in creating commonalities are mani-
fold. They, among other things, enable to: 
x Reduce costs by economies of scale  
x Reduce development time by decoupling of module 
and product development 
x Increase the technical robustness via validated com-
ponents [20] 
 
Recalling the challenges mentioned above (eg. in-
crease in variation, shorter product life cycles and con-
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stant progress), this approach meets the actual problems 
of the industry and provides a possible solution. 
However, like the methods of the variation and com-
plexity management, the PADP does not sufficiently 
include the changeability of the production systems into 
its considerations. For this reason, this paper explains an 
extension to the PADP involving this dimension. 
4.1. PADP – Product Architecture Development Process 
The PADP is a systematic design of communality 
models and is divided into nine steps. The iterative char-
acter of this procedure is visualized by its cycle-design 
(figure 2). 
 
PADP
Create target
system
Define generic
product structure Realization
Define module
roadmaps
Determine variant-sensitive
process steps and critical
product features
Identify constituting
features
Plan product
program
Prioritize constituting features and 
define module variants
Define commonality
model
8
1 2 9
7
3
6
4
5
 
Fig. 2. PADP [19] 
The starting point of the PADP is the creation of an 
unambiguous target system. It therefore starts with the 
setting of targets and their prioritization for the devel-
opment. Furthermore, conflicts between targets are iden-
tified and approaches for their solution sought. Follow-
ing this, the establishment of a generic product structure 
supports the creation of the necessary transparency for 
the product architecture design. Afterwards variance-
sensitive process steps and critical product characteris-
tics are being identified. Potentials for product and pro-
cess optimization are then derived from these features. 
Constituent features are derived based on these findings. 
These features specify the commonalities of compo-
nents, products and processes and form the foundation 
for the generation of commonalities that build the basis 
for the planned product program. This is followed by 
bringing the previously determined characteristics into a 
hierarchy. Is this step done, the module variants and the 
type of product architecture is defined. The aim of the 
following penultimate stage is to define module 
roadmaps that allow taking into account future develop-
ments in the design of similar models and planning 
them. Finally, following the previous planning and ar-
chitecture phase, the various modules can be implement-
ed. 
4.2. Change-focussing PADP 
The PADP does not yet take into account the product 
implied need to change. Furthermore given boundaries 
in terms of production and effects by exceeding them are 
not taken into consideration. It therefore requires an ex-
tension of those process steps which are critical in terms 
of changeability. Because of the underlying focus on the 
lever of the products the process will further be refer-
enced as change-enabling PADP. In order to be able to 
influence the product implied need to change, it is neces-
sary to already start modifying the product during the 
phase of product development. The change-focussing 
PADP itself is deemed to be an instruction that supports 
the company by designing tailor-made and change-
supporting products. It supplements the briefly described 
PADP in certain phases. In analogy to the PADP it is 
divided into three different steps which contents were 
adapted to the described problem. The steps are speci-
fied in more detail in the following to describe the actual 
procedure. 
Definition of a target system  
The actual development process of product architec-
ture begins with the explication of an unambiguous tar-
get system. Within this process step the goals will be 
explicated and prioritized. Starting point is therefore the 
definition of clear objectives. The key decision point is 
to answer the question of what degree of changeability 
should be provided by the company. There is no unique 
optimum for changeability, moreover it depends on the 
particular conditions of each company and can only be 
determined specifically. Of central importance is the fact 
that increasing adaptability normally is associated with 
increasing costs. 
Besides the decision on the optimal degree of change 
also potential conflicts between objectives have to be 
worked out during this phase of the process. A potential 
conflict could for example be the decision ‘cheaper vari-
ant of a module’ vs. ‘more change-enabling module’. To 
solve this consistently within the target system, the com-
pany has to analyse potential conflicts and solve the re-
sulting dichotomies according to the set priorities. 
The target system as an essential starting point for the 
construction thus requires therefore the commitment of 
top management that supports the concentration on 
adaptable designs. 
Determination of critical and change-sensitive product 
characteristics 
The core aspect of this paper is on identifying 
change-sensitive and critical product characteristics. It 
can be seen as an extension to PADP’s step three „De-
termination of critical and change-sensitive product 
characteristics“. Change-sensitivity describes the degree 
on which costs result out of product-induced change. 
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That means the higher the conversion costs due to a spe-
cific product specification, the more sensitive this factor 
is. 
This second phase of the process is divided into two 
consecutive processes: 
1. Determination of company-specific restrictions and 
limitations which, if exceeded, force companies to 
adapt/change their processes or resources. 
2. Determination & hierarchisation of sensitive and 
critical product characteristics according to the cost 
effect caused by them. 
Before the company begins with the specific design 
of its products, it must in advance be aware of its specif-
ic manufacturing constraints. Therefore the main drivers 
that cause a direct change of the production system have 
to be identified first. Exemplary drivers are ‘material’ 
and ‘component size/dimensions’. The simple example 
of ‘component size’ makes the impact of the product on 
the production system obvious: If the component dimen-
sions exceed the specifications of the manufacturing 
facility, the product cannot be produced, unless the 
product design will be changed or different facilities 
with appropriate specifications are used. 
Due to the high specificity of individual companies 
and their change-drivers, the factors have to be deter-
mined depending on product and production. A general 
statement of drivers is due to the diversity of companies 
not possible. The key drivers are in particular those 
which lead to a change within the company via the prod-
uct and its properties.  
After the basic change drivers have been identified, 
the relevant boundaries of the entity have to be deter-
mined (figure 3). 
Three areas are to be separated from each other: 
x Status quo: Corresponds to the product specifications 
already covered by the company without making fur-
ther adjustments. 
x Flexibility: Corresponds to the product properties the 
company is able to cover within the flexible band-
width at low costs. 
x Changeability: Corresponds to the area which forces 
the company to change if the product specification 
should be guaranteed. 
 
Aspect n
Status Quo
Flexibility
Need for Change
Areas:
0 10
 
Fig. 3: Boundaries for change drivers 
With the help of the illustrated scales those aspects 
and product properties can be distinguished whose speci-
fications would induce a change in the production sys-
tem. The qualitative scale furthermore is an indicator for 
the complexity of the specification. The higher the score, 
the higher are the resulting costs. Summing up the calcu-
lated factors, the implied challenges regarding the pro-
duction system can be estimated. Based on this infor-
mation, the respective product specifications can be con-
sidered as critical factors in the development process.  
Furthermore, the visualization of company-specific 
limits regarding the feasibility of product properties and 
their positioning within each area provide the designer 
with a detailed overview of the change-critical product 
features and support him for the further planning and 
design process. 
After the identification of the product-inherent 
change drivers, the critical factors have to be sorted by 
their cost-effect. The basis for this are also expert opin-
ions, which can be obtained by interviews with compe-
tent employees. 
Basically, as already shown, costs rise exponentially 
the farther away they are from the current abilities. 
Therefore two possible procedures seem reasonable for 
the product architecture design if after evaluating the 
determined factors the product-induced changes for the 
production system are too high: 
1. Change the product design for staying within the 
range of flexibility and causing less change 
2. Designing the product in the area of change taking 
into account an optimal cost-benefit ratio (figure 1) 
Both approaches require a close and systematic coop-
eration between the areas design and manufacturing. 
Through this iterative design process a demand and re-
quirement-oriented design can be ensured. This means 
that, after this process, the necessary product-induced 
change is reduced as far as possible. The process just 
described should be embedded in the organizational pro-
cedure of the product development process. By minimiz-
ing the need for change, it contributes to the aim of cost 
reduction. 
Due to the specific knowledge about critical product 
characteristic, conclusions for the further product archi-
tecture process can finally be drawn. 
Determination of constituent elements 
Having identified the change-sensitive product fea-
tures in the previous process step, the essential constitu-
ent elements for the further product architecture devel-
opment process should be defined next. The identifica-
tion of the elements has to meet the formulated target 
system. It has to be decided in which way given bounda-
ries should be moved and which of them should not be 
exceeded by product specification. The critical specifica-
tions and their boundaries are called constituent ele-
ments. The constituent elements set up the design 
framework given by the existing production system. 
They finally determine the product-implied necessary 
change of the production system.  
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Next steps 
After the determination of the change-sensitive and 
the constituent elements, the design of the products 
should be continued within the PADP. 
The presented approach has been applied within two 
companies of the research project. The systematic design 
of the product development process with a particular 
focus on the resulting change-pressure is deemed to lead 
to a sustainable reduction of the needed change. Above 
that, costs as well as time-to-market can be reduced. 
5. Conclusion 
The dynamically changing environmental conditions 
are a big challenge companies have to face. To meet 
those, they need to be able to respond proactively to fu-
ture changes. In order to achieve this they also have to 
change their perspective regarding change. Change has 
to become a part of everyday life and to be seen as a big 
opportunity. The implementation of this idea and the use 
of the presented method would provide them with a sig-
nificant competitive advantage. 
The external induced change affects the company via 
various receptors. The receptor ‘product’ is the focus of 
the presented approach. New challenges constantly con-
front the manufacturing company due to the increasing 
degree of variance, complexity and shorter product life 
cycles. A structured and systematic product architecture 
development process, which is extended by the „change-
ability-aspect“, is change-enabling. The central elements 
of this approach are the definition of an unambiguous 
target system and the identification of change-sensitive 
product specifications. In this context, drivers for change 
have to be examined and their impact to be assessed. 
The knowledge of areas which possibly lead to change 
then is integrated into the product architecture process 
and supports the design of change-enabling products. 
The main focus of the approach presented above lies 
on increasing the awareness of the influence of the prod-
uct design on the production system. Above that, the 
PADP aims at internal variance reduction while simulta-
neously enabling new products based on similar, variant-
neutral assemblies. The presented approach therefore 
can be seen as a supplement to already existing ap-
proaches for platform architecture and the management 
of variants. The approach provides engineers with 
boarders within which the products can be optimized and 
designed with respect to the aspect of change. 
Further research is necessary to provide clear data on 
how exactly the costs vary if the limits from flexibility to 
changeability are exceeded. 
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